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Abstract. We report proof-of-principle measurements at the neutron resonance spin echo spectrometer RESEDA (MLZ) under
large magnetic fields by means of Modulation of IntEnsity with Zero Effort (MIEZE). Our study demonstrates the feasibility
of applying strong magnetic fields up to 17 T at the sample while maintaining unchanged sub-µeV resolution. We find that
the MIEZE-spin-echo resolution curve remains essentially unchanged as a function of magnetic field up to the highest fields
available, promising access to high fields without need for additional fine-tuning of the instrument. This sets the stage for the
experimental investigations of subtle field dependent phenomena, such as magnetic field-driven phase transitions in hard and soft
condensed matter physics.
1. Introduction
A wide range of prominent scientific problems involving
high magnetic fields, such as the spectrum of thermal
fluctuations stabilising the Skyrmion lattice phase in
chiral magnets [1,2], quantum phase transitions of
transverse field Ising magnets [3] or field-induced Bose-
Einstein condensation of magnons [4], require neutron
spectroscopy at sub-µeV resolution. Yet, despite this
importance only very few studies of this kind have been
reported in the literature. On the one hand, this situation
may be traced to the limitations of conventional neutron
scattering techniques such as triple axis spectroscopy
(TAS) or time of flight spectroscopy (ToF), for which
the resolution is directly tied to satisfying strict optical
conditions causing a drastic loss of neutron intensity.
On the other hand, it has long been established that
the necessary high energy resolution may be achieved,
in principle, by Neutron Spin Echo (NSE) [5], which,
however, requires non-depolarizing samples or sample
environments. In turn, it has become an important
instrumental challenge to extend neutron spin-echo
spectroscopy towards depolarizing samples or sample
environments.
As its key idea the NSE technique encodes the
information on energy transfers in scattering events by the
spin of the neutron. This permits complete decoupling of
the energy resolution from the monochromaticity and –
to some extent- the divergence of the neutron beam. In
turn NSE reaches the highest energy resolution among all
neutron spectroscopy techniques reported to date (δE ∼
1 neV), offering a dynamic range of typically 4 to 5
orders of magnitude. On the downside, being based on
a e-mail: jonas.kindervater@frm2.tum.de
polarized neutrons it is crucial that the neutron polarization
is not changed in an uncontrolled manner, prohibiting
completely depolarizing conditions such as ferromagnetic
samples or the application of magnetic fields. In addition
strong incoherent scatterers like hydrogenated samples
notably reduce the efficiency of classical NSE.
A first approach to overcome the constraints of
classical NSE has become known as Ferromagnetic NSE
(FNSE) [6] where adiabatic field transitions into the
sample regions are used to conserve one polarization
component while all others may be lost at the expense of
at maximum one half of the polarization. However, due
to its inherent complexity, this method, to the best of our
knowledge, has only been used very rarely (see e.g. [7]).
Further, if no component of the neutron beam polarization
is conserved and the beam is depolarized completely
at the sample, the spin echo signal will be destroyed.
A second approach to overcome the limitations of NSE
under such completely depolarizing conditions has become
known as Intensity Modulation NSE [8]. Representing
a straight forward variant of FNSE, two additional spin
polarizers before and after the sample are used to transform
the phase modulation into an intensity modulation at the
sample position. This intensity modulation is unaffected
by the depolarization, getting transformed back into a
phase modulation behind the sample. However, as its
major drawback, this technique is subject to a large
additional decrease in efficiency compared to NSE and
FNSE. Namely, the two additional polarizers decrease the
average intensity Iav by at least a factor of two and even by
four, if the sample completely depolarizes the beam, and in
the ferromagnetic echo the polarization P is, by definition,
reduced by another factor of two. Hence, by comparison
to NSE this technique is less efficient by at least a
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Figure 1. Principles underlying the MIEZE technique. a)
Schematic depiction of a MIEZE-1 setup. b) Kinetic energy of
the neutron as function of flight path. c) Temporal separation of
the neutron spin wave function as function of the flight path. The
MIEZE time τMIEZE is defined by the separation at the sample
position. Figure after [2].
factor of P2 · Iav  8 − 16. In contrast, the technique of
Modulation of IntEnsity with Zero Effort (MIEZE) [9],
which is based on the neutron resonance spin echo (NRSE)
technique developed by Ga¨hler and Golub [10,11], allows
the combination of spin echo resolution with depolarizing
conditions at high intensity. In this paper we report proof-
of-principle measurements demonstrating the feasibility of
using MIEZE as implemented at the NRSE spectrometer
RESEDA (MLZ) for studies under high magnetic fields up
to 17 T at the sample position.
2. The MIEZE technique
The MIEZE technique is conceptually based on NRSE,
where resonant spin flippers comprised of a static magnetic
B0 and a perpendicular radio frequency field (RF-field)
Br,i with frequency ωi (i = 1, 2) induce neutron spin
precessions. For a pedagogical introduction we refer to
[12]. Shown in Fig. 1a is a schematic depiction of a so-
called MIEZE-1 setup consisting of a polarizer, two NRSE
spin flippers, a spin analyzer and a time resolving detector.
The first NRSE coil (cf. red box in Fig. 1a) introduces a
splitting of the kinetic energy of the spin-up (red) and spin-
down (blue) state of the neutron as shown in Fig. 1b. The
spin states accumulate a difference of time of flight, t ,
due to the difference in kinetic energy, when traveling the
distance L1 in the primary spectrometer arm. The second
NRSE coil (cf. green box in Fig. 1a) overcompensates
the energy splitting such that this difference of time of
flight returns to zero after the distance L2 at the detector
as depicted in Fig. 1c. The MIEZE time τMIEZE as the
difference of time of flight at the sample position, being
equivalent to the spin echo time in NSE (cf. Fig. 1a),
provides a measure of the resolution of the spectrometer.
Apart from being insensitive to neutron depolarisation
the MIEZE technique offers several additional advantages.
Figure 2. Schematic drawing of a TNRSE coil a) and LNRSE
coil b). The neutron beam (n) traverses the coils from the left
side as indicated by the arrow.
First, being based on two NRSE coils as opposed to four
coils in NRSE, the effort required for tuning when setting
up the experiment is much reduced in MIEZE. Second,
due to its lack of sensitivity on beam depolarisation and
when no Bragg peak is accessible in the momentum range
of interest the MIEZE technique permits to use strong
incoherent scatterers (cf Vanadium or protonated samples)
for measurements of the resolution function.
3. Implementation of MIEZE at RESEDA
At the NRSE spectrometer RESEDA (MLZ) the MIEZE
option has been implemented in terms of two different
variants, a transverse and a longitudinal MIEZE setup
referred to as t-MIEZE and l-MIEZE, respectively, which
differ in terms of the geometrical arrangement of B0 and
Br as shown in Fig. 2. In t-MIEZE transverse NRSE
(TNRSE) coils are used akin to the standard NRSE setup
at RESEDA (cf. Fig. 2a). In our experiments these coils
were separated by L1 = 2.625 m. The B0-fields in the
TNRSE coils are perpendicular to the neutron beam and
the field region is defined accurately. The region between
the TNRSE coils has to be field-free and is therefore
shielded by a bespoke mu-metal housing. Coupling coils
at the entrance and exit of the mu-metal shield control the
transition of the polarization from the guide field of the
polarizer into the zero field region and back into the guide
field of the analyzer, where a compact V-cavity directly
behind the mu-metal shielding is used as analyzer [13].
The t-MIEZE setup covers already now a dynamic range
of 0.1 ≤ τMIEZE ≤ 5 ns.
In contrast to t-MIEZE the l-MIEZE setup uses a field
geometry (LNRSE) [14], where two B0-fields are parallel
to the neutron beam (cf. Fig. 2b). In our experiments the
distance was L1 = 1.925 m [15] with the same compact
V-cavity as analyzer. The B0-field is here generated by
two solenoids in a Helmholtz geometry without accurately
defined field boundaries. This has the significant advantage
that magnetic shielding is not needed and longitudinal
guide fields may be used to preserve the polarization. In
addition, the similarity of the field geometry to classical
spin echo allows to exploit the same correction techniques
as in NSE, thus building on well-developed know-how. In
its present form the LNRSE already extends the highest
spin echo time accessible by a factor of 10 compared to
TNRSE. Using effective field integral subtraction [16] the
lower limit for the spin echo time is less than 1 ps and the
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Figure 3. MIEZE and magnetic field setup at RESEDA.
a) Transverse MIEZE setup as combined with an actively
shielded 5 T SANS magnet from the MLZ sample environment
group. b) Longitudinal MIEZE setup as combined with the
Birmingham 17 T magnet [19]. This magnet does not offer active
stray-field reduction.
dynamic range in this configuration covers four orders of
magnitude.
The secondary spectrometer arm, which is the same
for both setups, allows to perform measurements for
sample-detector distances between 0.5 and 5 m. A position
sensitive CASCADE detector [17,18] with an active area
of 20 cm × 20 cm and a time resolution of t = 50 ns is
used. In the CASCADE detector six boron foils (with
thicknesses varying from 0.8 to 1.5 µm) convert the
neutrons, allowing to record a MIEZE signal with shifted
phase on each foil and pixel. Combining the signals
originating from all foils offers an efficiency of ∼ 90% of
that of a standard 3He-based detector with a much larger
detection depth.
4. Experimental results
For our proof of principle experiment two superconducting
magnets have been used. First a cryogen free, 5 T
magnet for small angle neutron scattering (SANS) with
active stray-field compensation was used. This magnet
may be set up for measurements with the magnetic
field applied either longitudinal or perpendicular to the
neutron beam. Second, a Helium cooled superconducting
magnet for longitudinal magnetic fields up to 17 T [19]
without stray field compensation. Setting up either magnet
at RESEDA, including -slight- retuning the instrument
requires approximately half a day.
Figure 4. MIEZE resolution with magnetic field at the sample.
a) Typical data as recorded with a 5 T SANS magnet, where the
field was applied perpendicular to the neutron beam. b) same as
for a) for magnetic field applied longitudinal to the neutron beam.
c) Typical data as recorded at 17 T applied longitudinal to the
neutron beam using the Birmingham SANS magnet [19].
In a first series of tests the 5 T SANS magnet was
used with the t-MIEZE option at a distance of L S =
1.38 m to the detector and a distance between the last
TNRSE coil and detector of L2 = 3.08 m. The neutron
wavelength was set to λ = 8.33 A˚. The results of a direct
beam measurement are shown in Figs. 4a and b. For the
application of the field parallel to the neutron beam as
combined with the t-MIEZE a solenoid around the spin
analyzer was used to compensate the remaining stray fields
disturbing the coupling of the neutron spin at the end of the
magnetic shielding. In both geometries no reduction of the
resolution between zero field and the maximum field of 5 T
was observed.
The measurements with the 17 T magnet were
performed using the l-MIEZE setup as shown in Fig. 3b.
As a general advantage of this setup, the l-MIEZE is less
sensitive to the stray field of the magnet as described
in further detail below. For our test neutrons with a
wavelength of λ = 10.5 A˚ were used. The magnet was
03008-p.3
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Figure 5. Typical MIEZE echo measured with the l-MIEZE
setup. The echo was recorded under an applied field of 17 T at
a frequency of ω2 = 77 kHz. The solid line is a cosine fit to the
data.
placed at a distance of L S = 2.6 m from the detector and
with a distance of L2 = 5.00 m between the last LNRSE
coil and the detector. Typical data from direct beam
measurements, with 17 T applied to the sample, are shown
in Fig. 4c. The scattering of the data points around the
single exponential fit is caused by imperfect tuning due to
time constraints.
Shown in Fig. 5 is a MIEZE echo at τMIEZE = 1.12 ns
with 60% contrast as measured at 17 T applied at the
location of a sample. In this configuration, the large stray
field of the non-compensated longitudinal magnetic field
is compensated by a slight modification of the magnitude
of the B0 field produced in the second LNRSE coil. For
field integral corrections Pythagoras coils were used. As
seen in Fig. 4c, the achieved signal contrast at a Fourier
time τMIEZE ∼ 15 ns is well above the commonly defined
resolution limit of 1/e. An extrapolation towards this limit
suggests a resolution for this setup of about 20 ns. In
order to reach these high MIEZE times frequencies slightly
above 1 MHz and effective magnetic fields of about 70 mT
were applied in the LNRSE coils.
5. Conclusions and outlook
In conclusion we have demonstrated that large magnetic
fields up to 17 T may readily be combined with the MIEZE
technique as implemented at RESEDA at MLZ. As the
observed MIEZE resolution is independent from external
conditions, field dependent studies are possible without
the typical need for fine tuning of the instrument. We
expect that these results promise access to a wide range
of scientific questions in hard and soft condensed matter
by means of high-resolution neutron spectroscopy. Last but
not least the possibility to combine high-resolution neutron
spectroscopy under high magnetic fields is also of great
interest in the form of MIEZE as an add-on option for
large scale SANS machines, bridging characteristic times
of quasi-elastic measurements and stroboscopic studies in
the range t ≈ 1 µs − 1 ms in addition to SANS, TISANE
and TAS/ToF.
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